Abstract. More than 99% of follicles undergo a degenerative process known as "atresia" in mammalian ovaries, and only a few follicles ovulate during follicular growth and development. Follicular selection predominantly depends on granulosa cell apoptosis. To reveal the molecular mechanisms of selective follicular atresia, we examined the changes in the levels of interleukin-6 (IL-6) receptors expressed in the granulosa cells of pig ovaries. The levels of IL-6 receptor (IL-6R)-α mRNA and protein in granulosa cells were quantified by reverse transcription-polymerase chain reaction (RT-PCR) and Western blotting, respectively. IL-6Rα mRNA and protein were highly expressed in the granulosa cells of progressed atretic follicles. Enzyme-linked immunosorbent assay showed that the expression of IL-6 soluble receptor (IL-6sR) protein in follicular fluid decreased during atresia. Moreover, we isolated porcine cDNA encoding an IL-6 signal transducer, gp130. Porcine gp130 (2,754 bp and 917 amino acids) was identified from a cDNA library prepared using follicular granulosa cells of pig ovaries. Porcine gp130 was highly homologous with human and murine gp130. RT-PCR analysis revealed that the level of gp130 mRNA also decreased during atresia. We presume that IL-6sR and gp130, but not IL-6Rα, play important roles in regulation of granulosa cell survival.
T h e I L -6 c y t o k i n e f a m i l y , i n c l u d i n g I L -6 , interleukin-11 (IL-11), leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), oncostatin M (OSM) and cardiotrophin-1 (CT-1) shares gp130 as a common receptor. Because they share gp130, these cytokines often show functional redundancy; IL-6, LIF, OSM and CT-1 induce macrophage differentiation in a myeloid leukemic cell line, M1 [9, 10] . IL-6, LIF, IL-11 and OSM stimulate biosynthesis of acute-phase proteins in hepatocytes [11] . gp130 also exists in membranebound form and soluble form, sgp130, which is generated by shedding and differential splicing in the same manner as IL-6sR [12, 13] . sgp130 exclusively inhibits the effects of IL-6 mediated by IL-6sR without interfering with responses via IL-6Rα [14] . Only the IL-6/IL-6sR complex can bind with sgp130 and lead to inhibition of IL-6.
Binding of the IL-6/IL-6R complex with gp130 induces dimerization of gp130 and activates Janus kinases (JAKs), resulting in phosphorylation of gp130 [15, 16] . The following three signal transduction pathways are triggered by gp130 to regulate transcription of specific gene sets. (1) signal transducer and activator of transcription 3 (STAT3), (2) Ras/mitogen-activated protein kinase (MAPK) and (3) phosphoinositide 3-kinase (PI3K) [17] [18] [19] [20] . The regulating mechanisms of these pathways are not fully understood. Recently, it has been reported that IL-6 and its receptor system play important roles in cell survival [17] [18] [19] [20] , but the roles of IL-6 receptors in the apoptosis of granulosa cells remain to be investigated.
In the present study, to confirm the physiological roles of IL-6 receptors in granulosa cell apoptosis, we examined the changes in the levels of IL-6Rα mRNA and protein in granulosa cells and IL-6sR protein in follicular fluid during atresia. Moreover, we identified the porcine homologues of gp130 and investigated the changes in the levels of gp130 mRNA in granulosa cells during atresia.
Materials and Methods

Preparation of follicular fluid and granulosa cells
Ovaries were obtained from mature sows w e i g h i n g m o r e t h a n 1 2 0 k g a t a l o c a l slaughterhouse. Individual antral follicles, approximately 3 mm in diameter, were dissected from the ovaries under a surgical dissecting microscope (SZ40; Olympus, Tokyo, Japan). Each follicle was classified as morphologically healthy or atretic and was further subdivided into early and progressed atretic follicles. Follicular fluid from each follicle was collected using a 1-ml syringe, separated by centrifugation at 3,000 g for 10 min at 4 C, frozen and kept at -80 C. After biochemical analyses were performed, 17β-estradiol (E2) and progesterone (P4) levels were retrospectively measured using [
125 I]-RIA kits (Bio-Mérieux, Marcy-l'Etolle, France) to confirm classification of the follicles. Follicles with a P4/E2 ratio of less than 15 were classified as healthy according to previous findings [21] [22] [23] [24] . Each follicle was opened using fine watch-maker forceps, and glanulosa layers and oocyte-cumulus complexes were removed. The granulosa cells were isolated with Pasteur pipettes, collected and washed 3 times in phosphate-buffed saline (PBS; pH 7.2) by centrifugation at 600 g for 5 min at room temperature (20-25 C) .
RNA isolation
Total RNA was extracted from the granulosa cells prepared from healthy, early atretic and progressed atretic follicles, and other tissues [cerebellum, cerebrum, colon, heart, kidney, liver, lung, small intestine (middle part of the jejunum), spleen, stomach, testis and thymus] using a RNeasy mini kit (Qiagen, Chatsworth, CA, USA) and then treated with a RNase-free DNase (Qiagen) to remove DNA contamination. All procedures were performed according to the manufacturer's directions.
Expressed sequence tag (EST) cloning and RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE)
The amino acid sequence of human gp130 (919 amino acids: aa) was queried in dbEST (NCBI) using the TBLASTIN program to search for cDNA fragments for porcine gp130. Based on the EST cloning data, to obtain the 5'-and 3'-ends of cDNA for porcine gp130, RLM-RACE was performed using a GeneRacer kit (Invitrogen, Carlsbad, CA, USA). Briefly, total RNA was treated with calf intestinal phosphatase (CIP) to remove the 5'-phosphates and eliminate truncated mRNA and non-mRNA from subsequent ligation with a GeneRacer RNA oligo (5'-CGACU GGAGC ACGAG GACAC UGACA UGGAC UGAAG GAGUA GAAA-3'). The dephosphorylated RNA was treated with tobacco acid pyrophosphatase (TAP) to remove the 5'-cap structure from the intact full-length mRNA. Removal of 5'-phosphate is required for ligation to the GeneRacer RNA oligo. The GeneRacer RNA oligo was ligated to the 5'-end of the mRNA using T4 RNA ligase. The ligated mRNA was reverse transcribed with SuperScript III reverse transcriptase and the GeneRacer oligo dT primer [5'-GCTGT CAACG ATACG CTACG TAACG GCATG ACAGT G (T) 24 -3'] to create RACE-ready first-strand cDNA with known priming sites at the 5'-and 3'-ends. To obtain 5'-ends, we conducted RACE-PCR using a 3'-gene specific primer (3'-GSP: 5'-GCTGT TCTGT TTATG ACATT ATATT GCT-3') and the GeneRacer 5'-primer (5'-CGACT GGAGC ACGAG GACAC TGA-3'). To obtain 3'-ends, we amplified the firststrand cDNA using a 5'-gene specific primer (5'-GSP: 5'-AAGTT ACTTA CCACA GACTG -3') and the GeneRacer 3'-primer (5'-GGACA CTGAC ATGGA CTGAA GGAGT A-3'). All procedures were performed according to the manufacturer's instructions.
Sequencing analysis
RACE products were cloned into pCR4-TOPO TA-cloning vector (Invitrogen) and analyzed with an automatic DNA sequencer (ABI prism 310; Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The sequence data was deposited in GenBank under the accession number EF151500. Homology analyses were performed using FASTA.
RT-PCR analysis
To quantify the expression of porcine IL-6Rα and gp130 mRNAs in granulosa cells prepared from healthy, early atretic and progressed atretic follicles, and other tissues, total RNA was reversetranscribed using the T-primed first-strand kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) to synthesize cDNA. RT-PCR was performed in a final volume of 50 µl containing 45 µl of Platinum PCR SuperMix (Invitrogen), 1 µl (100 ng) of each cDNA, and 2 µl (0.2 µM) of each primer.
The mixture was subjected to PCR in a thermal cycler (GeneAmp PCR System 9700; PE Applied Biosystems). The primers for amplification of the partial cDNA sequences of IL-6Rα, gp130, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; used as an intrinsic control) were as follows: 5'-CAGCT GAGAC CGAGC TGCCC -3' (forward) and 5'-GCAGC TGCCC CGTCT TCTTG A -3' (reverse) for IL-6Rα; 5'-CACCC GATCT TCATT CACTG-3' (forward) and 5'-AAGGA GGCAA TGTCT TCCAC-3' (reverse) for gp130; and 5'-GGACT CATGA CCACG GTCCA T -3' (forward) and 5'-TCAGA TCCAC AACCG ACACG T -3' (reverse) for GAPDH. The expected PCR products for IL-6Rα, gp130 and GAPDH were 219, 233 and 220 bp, respectively. The hot-start PCR cycles for IL-6Rα, gp130 and GAPDH were as follows: 94 C for 5 min; 32, 40 and 32 cycles of 94 C for 30 sec, 57 C for 30 sec and 72 C for 30 sec; and then a final extension period at 72 C for 5 min, respectively. PCR products were electrophoresed in 1.5% (w/v) agarose gels (Cambrex Bio Science, Rockland, ME, USA) and stained with ethidium bromide (Wako, Osaka, Japan). Ready-load 100 bp DNA ladder (Invitrogen) was used as a molecular weight marker for electrophoresis. After electrophoresis, the stained gels were recorded with a digital fluorescence recorder (LAS-1000; Fuji Film, Tokyo, Japan), and at each mRNA expression level, the fluorescence intensity of each band of PCR product, was quantified using the Image-Gauge program (Fuji Film) on a Macintosh computer. The relative abundance of the specific IL-6Rα and gp130 mRNAs was normalized to the abundance of GAPDH mRNA. To confirm the expression of IL-6Rα and gp130 mRNAs, the DNA sequence of each PCR product was determined using an automatic DNA sequencer.
Western blot analysis
The protein fraction (30 µg per lane) prepared from each extraction sample was separated by 10-20% gradient SDS-PAGE (Atto, Tokyo, Japan), and t h e n t r a n s f e r r e d o n t o P V D F m e m b r a n e s (Immobilon Transfer Membrane; Millipore, Marlborough, MA, USA) for Western blot analysis as previously reported [25, 26] . The membranes were stained with 0.2% (w/v) Ponceau-S solution (Serva Electrophoresis, Heidelberg, Germany) and then immersed in blocking solution [TBST containing 2.5% (w/v) BSA (Sigma)] for 30 min. This was followed by incubation with rabbit anti-IL-6Rα antibody (diluted 1:200 with blocking solution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4 C for 18 h. After washing, they were incubated with horse radish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (diluted 1:2,000 with blocking solution; Dako, Glostrup, Denmark) for 1 h at room temperature, and then their chemiluminescence was visualized using an ECL system (Amersham Pharmacia) according to t h e m a n u f a c t u r e r ' s d i r e c t i o n s .
T h e chemiluminescence was recorded with a digital fluorescence recorder. Using the same membrane, the β-actin protein level was also examined as an internal control. Rabbit anti-β-actin antibody (diluted 1:2,000 with blocking solution; Abcam, Cambridge, UK) and HRP-conjugated anti-rabbit IgG antibody (diluted 1:2,000 with blocking solution; Dako) were used as the primary and secondary antibodies, respectively. Protein expression (IL-6Rα/β-actin) was quantified using the Image-Gauge program (Fuji Film) on a Macintosh computer. The relative abundance of specific IL-6Rα protein was normalized to the abundance of β-actin protein.
Enzyme-linked immunosorbent assay (ELISA)
The expression level of porcine IL-6sR in follicular fluid prepared from healthy, early atretic, and progressed atretic follicles was measured by ELISA using an IL-6sR ELISA kit (Quantikine; R & D Systems, Minneapolis, MN, USA) according to t h e m a n u f a c t u r e r ' s d i r e c t i o n s . A f t e r t h e immunochemical reaction, absorbance at 450 nm was measured with a microplate reader (Model 680; Bio-Rad Laboratories, Melville, NY, USA).
Statistical analysis
All experiments including the isolation of follicles and preparation of granulosa cells were repeated three times with separate groups (nine sows/group) for independent observation. Before ANOVA processing, the homogeneity of variance was assessed using the StatView-4.5 program (Abacus Concepts, Berkely, CA, USA) on a Macintosh computer. The StatView-4.5 program was used to conduct ANOVA with Fisher's least significant differences test for biochemical data. Differences of P<0.05 were considered significant.
Results
Changes in the expression of IL-6Rα mRNA and protein in porcine granulosa cells during atresia
IL-6Rα mRNA and protein were detected in isolated granulosa cells from healthy, early atretic, and progressed atretic follicles by RT-PCR and Western blotting, respectively. IL-6Rα mRNA and protein expression (IL-6Rα mRNA/GAPDH mRNA ratio and IL-6Rα protein/β-actin protein ratio, respectively) increased during follicular atresia (Fig. 1) . Higher levels of IL-6Rα mRNA and protein were seen in granulosa cells prepared from atretic follicles than in those from healthy follicles.
Changes in the expression of IL-6sR protein in porcine follicular fluid during atresia
IL-6sR protein levels in the follicular fluid of healthy, early atretic, and progressed atretic follicles were quantified by ELISA. As shown in Fig. 2 , the IL-6sR protein level in follicular fluid decreased at the stage of progressed atresia.
Cloning of porcine gp130 cDNA
The porcine EST clones (GeneBank accession number: CF368425, 643 bp, and AJ950452, 704 bp) in dbEST (NCBI) had approximately 88 and 79% homology with the amino acid sequences common to human gp130. RACE was performed using 5'-and 3'-gene specific primers designed based on the sequences of the porcine EST clones. The 5'-RACE product size for gp130 was approximately 500 bp, and the 3'-RACE product size for gp130 was approximately 150 bp. The 500 bp 5'-RACE product contained a start codon for porcine gp130. On the other hand, the 150 bp 3'-RACE product contained a stop codon for porcine gp130. The open reading frame for porcine gp130 consisted of 2,754 bp (917aa) (Fig. 3) . The entire protein sequence for porcine gp130 had 92 and 76% identity with human and murine gp130, respectively.
Tissue distribution of the IL-6Rα and gp130 mRNAs
The expression patterns of the IL-6Rα and gp130 mRNAs in various porcine tissues (cerebellum, cerebrum, colon, heart, kidney, liver, lung, small intestine, spleen, stomach, testis and thymus) were examined by RT-PCR analysis. IL-6Rα and gp130 mRNAs were detected in all tissues examined. High levels of IL-6Rα mRNA expression were observed in the kidney, liver, spleen and testis, but the IL-6Rα mRNA levels in the follicular granulosa cells prepared from healthy follicles were not high ( Fig. 4A and B) . The mRNA expression of gp130 in the follicular granulosa cells of healthy follicles was almost the same as that in other tissues (Fig. 4A and  B) .
Changes in the expression levels of gp130 mRNA in porcine granulosa cells during atresia
gp130 was detected in granulosa cells from healthy, early atretic and progressed atretic follicles. The expression of gp130 mRNA (gp130 mRNA/GAPDH mRNA ratio) decreased during follicular atresia (Fig. 5 ). Higher levels of gp130 mRNA were seen in granulosa cells prepared from healthy follicles than in those from early atretic and progressed atretic follicles.
Discussion
The molecular mechanism regulating follicular selection is still not completely understood. Recently, it has been revealed that many cytokines are involved in growth, differentiation, atresia, ovulation and luteinization in the ovary [27] [28] [29] . Although IL-6 affects the folliculogenesis and steroidgenesis of granulosa cells in the ovary [30] [31] [32] [33] , there is no clear information on the roles of IL-6 and its receptors in the regulation of granulosa cell apoptosis. As it has been reported that IL-6 and its receptors play important roles in the survival of various cells [17] [18] [19] [20] , we hypothesize that they are involved in follicular selection in the ovary.
The results of our previous studies have suggested that apoptosis and cell proliferation in the granulosa cells of pig ovaries are regulated by IL-6 [34] . The levels of IL-6 mRNA in granulosa cells and protein in follicular fluid decrease during follicular atresia. In the present study, we investigated the changes in the expression of IL-6 receptors (IL-6Rα, IL-6sR and gp130) in granulosa cells and follicular fluid during atresia. The expressions of IL-6Rα and gp130 in human and rat granulosa cells [33, 35] and IL-6sR in human follicular fluid [36] have previously been reported. We detected the expressions of IL-6Rα and gp130 in granulosa cells and IL-6sR in follicular fluid from the porcine ovary. The levels of IL-6Rα mRNA and There is also a possibility that IL-6sR and gp130, but not IL-6Rα, play important roles in IL-6-dependent regulation of apoptosis in granulosa cells. IL-6sR can bind with IL-6, and the IL-6/IL-6sR complex activates gp130 in the same manner as IL-6Rα, however, it has been reported that either IL-6Rα or IL-6sR is nonfunctional or that each receptor has different functions in some cells. In osteoblasts, IL-6Rα is non-functional and interaction between IL-6 and IL-6sR induces gp130 activation [37] . In rats, administration of IL-6 and IL-6sR, but not IL-6 or IL-6sR alone, inhibits myocardial apoptosis [38] . Therefore, IL-6Rα might transduce different signals from IL-6sR in granulosa cells. Alternatively, the levels of IL-6 receptors might not be important for IL-6 signaling in granulosa cells. The total expression of IL-6Rα and IL-6sR in the granulosa cells of healthy follicles might not change by much more than that of atretic follicles because the level of IL-6Rα increases and that of IL-6sR decreases during follicular atresia. Rather than IL-6Rα and IL-6sR, gp130 may have critical roles in IL-6 signal transduction in granulosa cells.
Based on the present and previous findings, we hypothesize that the mode of action of IL-6 and its receptors in regulation of granulosa cell apoptosis is as follows. In healthy follicles, granulosa cells express higher levels of IL-6 and gp130 and secrete higher levels of IL-6 and IL-6sR into follicular fluid. The binding of IL-6 with IL-6sR triggers association of the IL-6/IL-6sR complex with gp130, and the IL-6 signal is transduced in an autocrine fashion, resulting in inhibition of apoptosis. In atretic follicles, expression of IL-6, IL-6sR and gp130 decreases and IL-6 signal transduction arrested; this results in induction of cell death and progression of follicular atresia.
The present study is the first to isolate and sequence porcine homologues of gp130 and will help to reveal the functional roles of gp130 protein in porcine tissues. Additional studies are needed to determine the roles of IL-6 and its receptors in granulosa cells. It should be examined whether IL6sR or IL-6Rα is involved in IL-6-dependent regulation of apoptosis in granulosa cells. It is essential to identify the factors that up-and/or Representative photographs of RT-PCR products for IL-6Rα, gp130 and GAPDH (as an internal control) mRNAs in granulosa cells prepared from healthy follicles, cerebellum, cerebrum, colon, heart, kidney, liver, lung, small intestine, spleen, stomach, testis and thymus are shown. The product sizes of IL-6Rα, gp130 and GAPDH were 219, 233 and 220 bp, respectively. (B) IL-6Rα and gp130 mRNA expression levels (IL-6Rα mRNA/GAPDH mRNA ratio and gp130 mRNA/GAPDH mRNA ratio, respectively) were determined for each tissue.
down-regulate the expression of IL-6 and its receptors in granulosa cells. Moreover, in vivo and in vitro studies would elucidate the largely unknown molecular mechanisms of selective follicular atresia in porcine ovaries. 
